ABSTRACT Developmental and reproductive traits of two little studied anthocorid predators from southern Africa, Orius thripoborus (Hesse) and Orius naivashae (Poppius), were examined at several constant temperatures. Development was studied at 12, 15, 23, 25, 29, 33, and 35ЊC 
Predatory bugs of the genus Orius (Hemiptera: Anthocoridae) are well-known as natural enemies of thrips throughout the world (Riudavets 1995) . In east Africa, both Orius thripoborus (Hesse) and Orius naivashae (Poppius) are found commonly in cropping systems harboring various thrips species (Hernández and Stonedahl 1999) . Economically important thrips pests in South Africa include the sugarcane thrips Fulmekiola serrata Kobus, the citrus thrips Scirtothrips aurantii Faure, and two thrips species associated with avocado, Heliothrips haemorrhoidalis (Bouché ) and Selenothrips rubrocinctus (Giard) (Hesse 1940 , Dennil 1992 , Way et al. 2006 . Furthermore, EPPO (2012) reported the presence of the western ßower thrips, Frankliniella occidentalis (Pergande), a worldwide pest on a wide range of vegetable and ornamental crops, in South Africa.
Thrips are difÞcult to control because of their cryptic lifestyle and fast development of resistance to pesticides. Hence, the availability of an effective, indigenous, biological control agent could provide local growers with an alternative pest management strategy. However, little information is available on the biology and ecology of Orius spp., which are native to the African continent. To optimize the mass production of O. thripoborus and O. naivashae for release in biological control programs, aspects of their nutritional ecology were investigated by Bonte et al. (2012) .
The ecology of arthropod pests and their natural enemies is inßuenced by various environmental factors, of which temperature is one of the most critical (Jervis and Copland 1996, Obrycki and Kring 1998) . The efÞciency of biocontrol systems is largely deÞned by the knowledge about temperature responses of an arthropod natural enemy. This knowledge is important for rearing the natural enemy, as well as for assessing its Þeld performance. The current study was undertaken to determine the effects of temperature on the development and reproduction of O. thripoborus and O. naivashae. The relationship between temperature and development of both predators was expressed as developmental thresholds and degree-day accumulations. To achieve this, the widely applied and user-friendly linear model was used (Kontodimas et al. 2004 ).
Materials and Methods
Stock Culture. Cultures of O. thripoborus and O. naivashae were started with nymphs and adults col-lected in and around sugarcane (Saccharum officinarum L.) Þelds in the South African provinces Mpumalanga and KwaZulu-Natal. Stock colonies of both anthocorids were established at Ghent University, Belgium, and maintained at 25 Ϯ 1ЊC, 65 Ϯ 5% RH, and a photoperiod of 16:8 (L:D) h. Orius species were cultured in Plexiglas containers (9 cm in diameter, 4 cm in height) containing a sharp pepper plant (Capsicum annuum L. ÔCayenne Long SlimÕ) as a water source and oviposition substrate. The food of the adults consisted of a mixture of frozen Ephestia kuehniella Zeller eggs (Koppert B.V., Berkel en Rodenrijs, The Netherlands) and dry honey bee pollen (N.V. WeynÕs Honingbedrijf, Ghent, Belgium). To reduce cannibalism, a wrinkled piece of wax paper was placed in each container (Bonte and De Clercq 2011) .
Experiments. All experiments were done at Ghent University, Belgium, in climatic cabinets set at different constant temperatures, 65 Ϯ 5% RH, and a photoperiod of 16:8 (L:D) h. In all treatments, both nymphs and adults were offered a diet of frozen eggs of E. kuehniella and a ßat green bean pod (Phaseolus vulgaris L.) was provided as a source of water and extra nutrients, hiding place, and oviposition substrate. Depending on temperature, E. kuehniella eggs and bean pods were refreshed daily (29 Ð35ЊC), or every other day (12Ð25ЊC).
Egg and Nymphal Development. Egg and nymphal development were determined at eight constant temperatures: 12, 15, 19, 23, 25, 29, 33, and 35ЊC . Eggs (Ͻ24 h old) were collected from the stock colony (25ЊC) and transferred to an incubator set at the desired temperature. Incubation time of the eggs deposited in the pepper plants was monitored on a daily basis. For each treatment, 50 Ð130 Þrst instars (Ͻ24 h old) then were caged in individual plastic containers (4.5 cm in diameter, 3 cm high) sealed with a lid having a ventilation hole covered with a Þne-mesh gauze. Development and survival of nymphs were monitored daily, and newly emerged adults were sexed and weighed using a Sartorius Genius ME 215P balance (Sartorius, Goettingen, Germany).
Reproduction. Adult reproduction was studied at 15, 19, 25, and 33ЊC. For this purpose, newly emerged adults (Ͻ24 h old) were paired and transferred to similar plastic containers as those used for development experiments. Adults were exposed to the same temperature as during their nymphal life. Bean pods were checked daily for eggs to determine preoviposition period. After the Þrst egg was laid, bean pods were replaced daily (25 and 33ЊC), or every other day (15 and 19ЊC) . Lifetime oviposition and egg hatch also were monitored. As developmental experiments for O. naivashae did not yield sufÞcient male adults because of skewed sex ratios, females in different temperature treatments were paired with 1Ð2-d-old males from the stock colony where needed, to obtain at least 10 replicates (couples) per treatment. Longevities of paired males and females were also examined.
Data Analysis. Development and Reproduction. For both species, means were compared by using pairwise comparison procedures (Kutner et al. 2005 (Arnold 1959) . This model is expressed by the equation "Y ϭ a ϩ bX", where Y is the development rate, X is the rearing temperature, and a and b are parameters. The lower temperature thresholds of insect development were determined as the x-intercept (t 0 ϭ -a/b) (Arnold 1959 ) and the thermal requirements (in degree-days or DD) were determined as the inverse of the slope (K ϭ 1/b) of the regression lines (Campbell et al. 1974) . Data points at extreme temperatures which deviated from the straight line through the other points were rejected for correct estimation of regression parameters (Campbell et al. 1974, De Clercq and Degheele 1992) . Tables 1 and 2 ). Total developmental time of males and females decreased with increasing temperature from 45.9 and 44.7 d (15ЊC) to 13.6 and 13.3 d (29ЊC) for O. thripoborus, and from 58.8 and 58.4 d (15ЊC) to 11.1 and 11.5 d (33ЊC) for O. naivashae. As temperatures rose above latter maximum values, there was a signiÞcant decline of development rate for both Orius species. Only O. thripoborus eggs at 33ЊC developed as fast as those at 29ЊC (Table 1) .
Results

Development
Linear regression analysis indicated a signiÞcant negative slope for the relationship between adult weight of O. thripoborus and temperature (Fig. 1) . Heaviest males and females emerged at 15 and 19ЊC, and lightest at 33ЊC (males: F ϭ 50.49; df ϭ 5, 168; P Ͻ 0.001; females: F ϭ 43.66; df ϭ 5, 176; P Ͻ 0.001) ( Table 1 ). For O. naivashae, there was no linear relationship between adult weight and temperature (Fig. 1 ), but at 35ЊC, both males and females had lower body weights than at the other temperatures (males: F ϭ 13.93; df ϭ 6, 67; P Ͻ 0.001; females: F ϭ 42.08; df ϭ 6, 241; P Ͻ 0.001) ( Table 2) .
Sex ratios of O. naivashae were all female biased, except at 23ЊC, at which the proportions of males and females were similar. Male:female ratios of O. naivashae stuck out at 25ЊC (1:10.8) and 29ЊC (1:8.4) ( Table 2 ). For O. thripoborus, no signiÞcant deviations from a 1:1 sex ratio were observed at any temperature (Table 1) .
Day-Degree Model. 66.4 Ϯ 6.3b (59) 3.52 Ϯ 0.07b 9.6 Ϯ 0.3b 10.2 Ϯ 0.2c 13.1 Ϯ 0.3b 13.7 Ϯ 0.2c 0.184 Ϯ 0.011d 0.238 Ϯ 0.010d 1:3.11* Means within a column followed by the same letter are not signiÞcantly different: P Ͼ 0.05; Tukey (male adults weight); Tamhane (female adult weight); MannÐWhitney U (all developmental times); or probit test (nymphal survival).
a Eggs transferred from the stock colony to 12ЊC did not hatch. the values of these parameters were 236 DD and 11.6ЊC, respectively. Mean DD estimates for egg, nymph, and total development did not differ among species (StudentÕs t-tests: egg: t ϭ 2.13; df ϭ 10; P ϭ 0.059; nymph: t ϭ 1.16; df ϭ 9; P ϭ 0.135; total: t ϭ 1.25; df ϭ 9; P ϭ 0.243). For O. thripoborus, the preoviposition period signiÞcantly decreased with increasing temperature (F ϭ 9.76; df ϭ 2, 42; P Ͻ 0.001), ranging from 22.8 d at 15ЊC to 9.3 d at 25ЊC (Table 4) . Preoviposition periods of O. naivashae females varied between 5.5 d (33ЊC) and 32.3 d (15ЊC), but they only showed signiÞcant differences between 19ЊC and the highest two temperatures (F ϭ 33.04 df ϭ 3, 34; P Ͻ 0.001) ( Table 5 ).
The total number of eggs produced by O. thripoborus females was higher at 25ЊC (100.7 eggs) than at 15ЊC (25.8 eggs), but was similar to their fecundity at 19ЊC (46.8 eggs) (F ϭ 5.95; df ϭ 2, 67; P ϭ 0.004) ( Table 4) . Fecundities of O. naivashae at 19 and 33ЊC (15.9 and 13.5 eggs, respectively) were similar and both signiÞcantly lower than that at 25ЊC (68.1 eggs) (F ϭ 12.47; df ϭ 3, 57; P Ͻ 0.001). At 15ЊC, the fecundity of the latter species was substantially lower (0.9 eggs) than that at all higher temperatures (Table 5) Means within a column followed by the same letter are not signiÞcantly different: P Ͼ 0.05; Tukey (preoviposition period); Tamhane (oviposition period, total fecundity and longevity); or probit test (ovipositing females and egg hatch).
a At 33ЊC, no females produced eggs. b The number of adult pairs tested at each temperature is placed in parentheses.
ivashae decreased signiÞcantly with an increase in temperature between 15 and 29ЊC. At 15ЊC, O. naivashae showed a poor nymphal survival and a pronounced prolongation of nymphal development as compared with that at medium temperatures. However, O. thripoborus developed well at 15ЊC, but suffered greater nymphal mortality at the high end of the tested temperature range (Ն33ЊC). Furthermore, O. thripoborus and O. naivashae developed fastest at 29 and 33ЊC, respectively, with a deceleration of egg to adult development as temperature rose further. Our Þndings suggest that the upper threshold temperature for development (i.e., the temperature above which the rate of development starts decreasing [De Clercq and Degheele 1992] ) of the egg and nymphal stages of O. naivashae was between 33 and 35ЊC, whereas for O. thripoborus, this was between 33 and 35ЊC for eggs and between 29 and 33ЊC for nymphal and total development. At these higher temperatures, adult body weights of both Orius species were substantially lower than at the medium temperatures. For practical reasons, eggs were used that had been deposited by females kept at 25ЊC for the development tests. It can therefore not be excluded that survival and development rate of resulting nymphs were inßuenced by maternal effects (Gilchrist and Huey 2001) . Although the respective degree-day requirements were similar among the studied species, estimated lower thresholds for immature development of O. naivashae were consistently higher than those of O. thripoborus. Linear models have been documented to be suitable for calculation of lower development thresholds and thermal constants of arthropods within a limited temperature range (usually 15Ð30ЊC) (e.g., Campbell et al. 1974 , De Clercq and Degheele 1992 , Jarošik et al. 2002 , Kontodimas et al. 2004 , Jalali et al. 2010 . However, the estimated threshold is an extrapolation of the linear portion of the relationship into a region where the relationship is unlikely to be linear (Jervis and Copland 1996) , which may yield ecologically inaccurate estimates (Kontodimas et al. 2004 ). In our study, the linear model estimated the lower thermal threshold for egg development of O. thripoborus and O. naivashae to be 9.4 and 11.3ЊC, respectively, whereas our observations showed that eggs of both species did not develop successfully at a constant temperature of 12ЊC. Nonlinear models may enable a more accurate description of the relationship between arthropod development and temperature (Kontodimas et al. 2004 , Jalali et al. 2010 ); on the negative side, they do not permit the calculation of thermal constants (Kontodimas et al. 2004) .
Although for O. thripoborus sex ratios at all temperatures were essentially 1:1, skewed sex ratios in O. naivashae observed by Bonte et al. (2012) were conÞrmed in the current study. In the latter species, sex ratios were female biased, except at 23ЊC. Strikingly, 11 and eight times more females than males emerged at 25 and 29ЊC, respectively. So far, it is not clear which mechanisms are involved in the female biased sex ratios observed in our O. naivashae population. Bonte et al. (2012) reported a better lifetime oviposition of O. thripoborus at 23ЊC compared with that of O. naivashae. In the current study, fecundities and egg hatch rates were superior at 25ЊC for both species, and again, O. thripoborus produced more eggs than O. naivashae. At 15ЊC, the fecundity of O. naivashae females was greatly reduced as compared with higher temperatures (Ͼ19ЊC), and the eggs deposited at this temperature did not hatch. Further, only about half of the females of both species produced eggs at 15ЊC. The higher proportion of nonovipositing females at this low temperature may be because of the induction of reproductive diapause, or a decrease of mating activity as reported for other Orius spp. (Alauzet et al. 1994 , van den Meiracker 1994 , Nagai and Yano 1999 . However, there is no information on the diapause sensitivity of O. thripoborus and O. naivashae. At the high end of the temperature range, not a single O. thripoborus female was able to produce eggs at 33ЊC. This could be because of unsuccessful mating under high temperatures, as was observed in Orius strigicollis (Poppius), Orius sauteri (Poppius), and Orius minutus (L.) (Kakimoto et al. 2005) .
The differing thermal adaptation of O. thripoborus and O. naivashae is reßected partly by the recorded distribution of both Orius species in South Africa. Although O. naivashae was more frequently found in the temperate and humid region of Mount Edgecombe, Durban, O. thripoborus were more abundant in the drier Malelane area (to the north of Swaziland), where temperature extremes are more explicit (Maes 2009 , Vangansbeke 2010 . With winter temperatures averaging 11ЊC at night and 23ЊC at day in KwaZuluNatal, South Africa (South African Weather Service 2011), t 0 -values of both studied predators do not seem to limit their winter development. This is corroborated by observations of nymphs of both O. thripoborus and Means within a column followed by the same letter are not signiÞcantly different: P Ͼ 0.05; Tamhane (preoviposition and oviposition period, total fecundity and longevity); or probit test (ovipositing females and egg hatch).
a The number of adult pairs tested at each temperature is placed in parentheses.
O. naivashae in sugarcane Þelds in July and August 2008 and 2009 in the South African provinces Mpumalanga and KwaZulu-Natal (Maes 2009 , Vangansbeke 2010 . Moreover, t 0 -values of local overwintering populations may even be lower than those estimated in this laboratory study under long day conditions and with insects directly taken from rearing stocks. Musolin and Ito (2008) found that in O. sauteri, temperature dependence of preadult development was smaller and a lower development threshold was estimated under a photoperiod of 12:12 (L:D) h than under long-day conditions. The current study may provide useful information to understand the potential role of these predators in augmentation and conservation biological control programs in southern Africa: 1) 25ЊC appears to be the optimal rearing temperature for both studied species. This temperature, in combination with a diet of E. kuehniella eggs and green bean pods, resulted in rapid development, good survival, and high reproduction; and 2) as both species are complementary in terms of temperature adaptation, there may be opportunities for their use at different times of the season. Although O. thripoborus may have potential when cool temperatures prevail, O. naivashae may perform better in hot summer situations. More study is needed on the population dynamics of both predators and their focal prey in sugarcane and other crops in southern Africa. In sugarcane, thrips survey data collected over the years 2005Ð2009 indicated that infestations in the South African Umfolozi region followed an annual pattern. Numbers of F. serrata were relatively low during autumn and winter (from March to August) and peaked in the middle of summer (December) (van den Berg et al. 2009 ). As there is no information on the predation capacities of both Orius species on F. serrata and other key thrips pests during different parts of the season, more research on their predation ecology is warranted.
